The main virtue of the model used here is that it probably represents the simplest magnetic field with the appropriate topology and limits (at r --) 0 and r --) • ). At the same time--as will be discussed--its use constitutes a gross simplification of actual conditions, and, because of this, only general conclusions can be drawn. In fact (as will be shown), the model contains an internal inconsistency that hinders the derivation of a complete solution for the velocity field; this could be overcome by a more elaborate model, but it was felt that such an elaboration would not produce any different qualitative behavior.
In what follows, it will be shown. [Dungey, 1961 [Dungey, , 1963 ] is given by a dipole in a southward pointing constant field ( Figure  1 ). Because such a field is axially symmetric, every meridional cross section in it presents the same appearance, and the neutral points A and In principle, it might be argued that the conductivity of the ionosphere could short-circuit this field. Actually,•any decrease of the field due to draining of electrical charge into the ionosphere sets up a polarization current that restores almost all of this charge and that therefore completes the flow loop for almost all of the ionospheric current. As a result, it may be shown (appendix) that the reduction in ]• due to ionospheric currents is of negligible magnitude.
In what follows, we shall examine the topological and qualitative properties of a family of simple open magnetospheric models, consisting of a dipole in an arbitrarily oriented constant magnetic field. A Cartesian system of coordinates will be used in which the dipole is located at the origin and is aligned with the z axis, and the solar wind velocity at large distances is antiparallel to the x axis. The magnetic field con- In particular, this method may be applied to field lines passing the neutral points in Figure  2 . It is then easily seen from the figure that in both cases the dawn edge A • of the polar cap is at a more positive potential than the dusk edge B•; thus in both cases (and at both poles) there is a dawn-to-dusk electric field across the polar cap.
The same procedure has been applied numerically to other orientations of B•, and the results will be described later. We only note here that, although it turns out that the x component of In the model discussed here, except perhaps for special cases, closed lines do not extend to arbitrarily large distances (the numerical study, at least, disclosed no such cases), and therefore region I will be enclosed inside a finite surface a, although the other three regions will extend to infinity. Near the r•orthern polar cap, region I bounds region 3, but there will exist a boundary line Li on a where the two separate. Similarly, regions I and 4 will be adjacent up to a We now demonstrate (although the proof is not made rigorous) that the separation line is also a (singular) field line, at least in cases for which B can be described by analytic functions.
Let P be a point on the separation line, and let (/•, 7, •') be Cartesian coordinates centered on P, the • axis being along the separation line. 
The quantity in parentheses was derived for the end point of each traced open field line and was then printed on a map of the polar cap corresponding to the point at which the field line originated.
Some typical results are shown in Figure 7 , where the components of Bi were taken as 5 X 10 -s of the dipole field at the pole, which comes to about 3 y. As can be seen, the crescent pattern is evident in all cases. It appears that the x component of Bi tends to rotate the pattern around the pole and also that the z component controls the size of the polar cap, which is largest for fields with southward (negative).B,,. This latter result resembles one obtained by Forbes and Speiser [1971] .
Another interesting result concerns the variation of E along a dawn-dusk cross section in the central part of the polar cap. In all cases investigated this field was weakened in the vicinity of the singular point at which all crescents met and became several times stronger on the opposite side (this variation does not take into account the boundary effect discussed in the preceding section, which produces very strong fields near the boundaries). This behavior is In the preceding discussion it has been assumed that (1) holds for all points in the field. This assumption alone raises another problem, since any velocity satisfying (1) is a field line velocity [Newcomb, 1958; Stern, 1966 , and references cited there] and therefore has the property of line preservation: any group of particles moving with v and initially sharing the same field line will continue doing so at all times.
To see why the problem arises, assume that (1) holds, and consider a group of particles attached at t -0 to an open field line L leading to the northern polar cap, i.e., belonging to region 3. Some particles in this group are assumed to be far enough from earth to allow them to move at what is essentially the undisturbed solar wind velocity. Some earlier time t• < 0 can then be found at which these particles were on an unlinked field line and belonged to region 2.
To resolve this problem, some process must occur at t --t• (t• < t•. < 0) by which the field line L changes its status from unlinked to open:
the process by which this change occurs is called magnetic merging or reconnection and generally happens at a neutral point or line [Dungey, 1953 [Dungey, , 1963 As the field line approaches the dipole, a contribution of the dipole field is added to B•: in the equatorial plane this contribution is always northward, so that as we traverse the field line in the direction of B, we find that it is continually lifted in z. Consequently, the electric potential will be different at the two ends. Physically, of course, this will not happen, and one expects that, in the actual magnetosphere (and in better models describing it), additional field sources exist in region 2 that bring the field line down again. Such a return of the field line in a way making asymptotic z match at both ends is included in Figure 8 , although the simple models In order to derive a complete picture it was necessary to use a model that was not completely self-consistent and also to bridge some theoretical gaps by observation or guesswork. The most significant gaps were (1) the lack of a three-dimensional theory on field line merging along a separation line; (2) lack of a. realistic theory of the magnetopause, providing an indication of the mechanism by which the Separation line might actually be broadened into a sheet; and (3) the lack of a good understanding of the forces extending the earth's magnetic tail, which might perhaps explain the formation of the long and narrow 'windows' through which the polar caps appear to be connected to the interplanetary field. It is hoped that future work will clarify these points and also provide a better model than the simple one used here. APPENDIX: POLARIZATION CURRENT like transmission lines), and thus the process has aspects of ordinary unipolar induction.
Here it will be shown that, even if no conductivity between field lines is assumed to exist outside the ionosphere, almost all of the charge withdrawn by the ionosphere is restored by a polarization current density j• [Longmire, 1963] . The resulting change in the interplanetary electric field E is then very small, and any existence of cross-line conductivity in space can only serve to reduce this change further.
For a simplified model, consider the opposite two sides of the 'exit window' of Figure 10 as the two plates of a parallel plate capacitor (Figure 12 ). Let D (--4 Rr) be their separation, L (--400 Rr) be their length, and let H be their width, which would be the distance extending into interplanetary space from which the ionosphere drains charge. Here H will be put equal to 100 Rr, even though the figure may be varied considerably and (more significantly) charge is not uniformly withdrawn from along the field lines (a boundary layer of high shear may form instead). The capacitance then is C = eoHL/D (A1)
Now suppose that at t --0 an ionospheric conduction path with R ~ 0.5 ohm is 'switched on' between the two 'plates': viewed from the frame of the earth, a potential difference Vo of about 40,000 volts exists across R, leading to a current I of the order of 105 amp.
In the frame of the solar wind the capacitor is initially uncharged, but after a time interval dt it will have acquired a charge dp = (ED/R) dt-dp'
The contact between open interplanetary field lines and the ionosphere tends to draw electric charges from such lines, producing observed ionospheric currents. Two possibilities then exist. Either there exists only negligible conductivity between interplanetary field lines, so that electric charges are gradually drained from them, and the interplanetary electric field between them is gradually diminished; or else such conductivity does exist (in space or perhaps at the ends of field lines on the sun; in the latter ease, transit time effects would be appreciable, and field lines must be treated where E is the interplanetary electric field as seen by a stationary observer (ED ----Vo) and dp' is the charge restored by the polarization current. If M is the ion mass and N is the number density, the polarization current density 
